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FLFCTRIC AND FHCTOFIFCTRIC PROPERTIFS
OF SINGTE CRYSTATS OF SFTENIDE AND
SUTFILE OF ANTIMONY. T. METHOD OF

GROWING SINGT.: CPY-TATS OF Sb2803

AYD S'::»Eé‘»:5

[Following 1= the trsnsiation of an article
by A. F. Skubenkc entitled "Elektrychni i
fotoelektrychnl visstyvost! morockrystaliv
selenidu i sul'fidu 3vrmy. I. Metodyka vy-
roshchuvannya morckrystallv SboSez i SboSs"®
(English version above), in Ukrayins'kyy
Filzyonnyy Zhurnal (Ukrainian Journsl of
Physics), Vol V, No 6, Klev, Nov-Dec 1960.}

The study of new semiconducting substances presents
an important problem both to science eas well as engineerirg
The manufacture of semiconducting equipment is closely as~
sociated with a knowledge of the rhyslcal properties of
semiconducting meterials, The 1imitad use of these materi-
als 1s exrlained not so much by their scarcity in nsture, |
as by the fsct that they have been ifnsufficiently studied.

The group of compcunds of antimony with selenium,
sulfur and tellurium is one of the groups of semiconductimﬁ
subatances which has been ‘nvestigsted very little. There
are several known works on the investigation of the volu-
metric properties of these compdunds, but the stuvdy of
SboSe; and Sb,8, was made on nstural erystals (stibnite)
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or on polyorystalline specimens. :

A far greater numbsr of works are dadiocated to the
investigation of thin films, which is connected with their
practical application. There 18 a complete lack of works
on three-component systems of the m8b283 = n8by8ez type.
Earlier investigations showed that these compounds have
good photoelectric properties. They are photosensitive in
a wide band of the visible part of the spectrum and in the
6lose infrared. The study of these objects can be of scilen:
tific and practical interest.

Important problems of modern wetallurgy of semicon~
ductors are: proocesses of purificetion of matsrials, tech~
nology of obtaining new subatances, and growing of single
crystals, One of the first among our articles is dedicated
to these problems. In subsequent works we will consider
the electric and photoeleetric properties of single corystdl
compounds of SboSe, and Sbgsa and of the triple systems

of the nSboSes ¢ mSbo83 type.

l. Introduction

Within the laat decade, the zonal or fraction mel-
ting /1 - 5/ has been widely used in the %echnology of
preparation of pure elements and compounds ocommonly used.
Zonsl melting graduated from the experimental laboratory
to become an engineering method of deriving ultrapure ma-
terials (1 atom of admixtures per 101V atoms of the sub-
stance). In addition, zonal melting is used for growing
large uniform #ingle crystals, for homogenization of ad-
mixtures in the reverse-progressive motion of the zone,
for alloying ingots with a given admixture and concentra-
tion, and for reliable p-n conversiona. The process of zo-
nal melting is also used as en analytical method of sepa-
ration of traces of admixtures by means of concentrating
them at the ends of the specimen,

Most important is the process of purification of
the material from admixtures., It tekes place on the boun-
dary of orystallization. Admixtures which lower the melting
temperature of the basic substance and which have a coef=-
ficlent of distribution lower than one, are pushed into
the melt and displace in the direction of the motion of th#
zone., Admixtures which increase the melting temperature of
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the substance and have a coefficient of distribution gres-
| ter than one, are pushed in the opposite direction relati;l
to the motion of the zone.
We used zonal melting to obtain pure single crysteli
SboSes and SboSz, as well as uniform triple systems

nSboSes - mesz.
2, Description of Equipment

A diggram of the equipment is showr in Fig. 1 a.
Four emponles can simultaneocusly be processed on this equi-
pment, Oven 3 was made of fireclay (or semifireclay)
brick and the method of assembly was as shown in Fig. 1 b,

Fig. 1 a. ~
Diagram of equipment for gzonal melting,
1l ~- eleotric motor, 2 =- reducer, 3 ~- fire-
¢lay brick oven, 6 -- coupling, 8 -- carrying
screw, 9 -- additional oven, 10 -~ ampoule
holders of two tungsten or nickel wires, 11 =-

- Hooke's joint, 12 -~ support for holding the
ampoules, 13 ~-- stand for attachling the screw
(height 32 om). '
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Fig. 1 b.
Assenbly diagram of two ovens.

4 -~ silite rods, § -- aluminum ocontacts
with soldered-in wire, 7 -~ wheel with
directing rails,

The zone was created by means of silite rods 4 with a dia-~
moter of 12 mm ( length 28 om). Conductors were attached tg
the ends of the resistors by meeans of soldered aluminum
contacts 5. The ovens were assembled in palrs. If the car-
rying screw 8 is made longer, the number of pairs of ovens
can be increased and this makes the equipment more effi-
cient, '

Additional ovens 9 of nichrome were wound vn an iron
housing. They provided the required surrounding tempera-
ture at which thers was no noticeable transfer of the sub-
stance to the cooler walls of the ampoule.

The electric motor 1 and the reduction gear 2 were
joined with the screw (pitch 1 mm) by Hooke's joint, on
which there were two (or more) couplings 8. Two ovens were
mounted on the soupling (Fig. 1, b)e A DC electric motor

with a reduction gear provided a reverse-progresasive mo-
tion of the ovens at & speed not exceeding 5 mm/hr. The

speed 1imit can be changed by changing the last gear.
S11ite heaters supplied the required tempsrature

within the 6 to 10 mm zone. The temperature distribution

in the oven and in the additional ovens is shown in

Fig. 2.




Fig. 2.
Temperature distribution in two ovens

for zonal melting, with an additional
oven.

It was found possidble to maintain a more or less
stable zone width by means of ferro-resonant stabilizers
and a thermoregulator /8/ developed by the Laboratory,.
The zone was visually controlled through a porthole in the
oven and by meens of chromel-alumel thermocouples. The
maintenance of e continuous zone width is very important
because any change of zone affects both the quality of pu-~
rification a8 well as the growth of orystals. -

3. The technology of preparing SbyS8z
and 8b2803 compounds and growing
single crystals from them.

The initial materials were: selenium (GOST /Stete |
Standard/ 6738-53) 99,9927 pure, antimony (zonal purifica~
tion) 99.99% pure and sulfur 99.99% pure.

The individual components were cleansed with aqua
regia and washed with distilled water, and were ground. to
a powdeiry form in an agate mortar. The components were




woighed on an snalytical scale with an sccuracy up to

10 ¢ g+ According to the weight of the first component
which was put into the ampoule, the necessary weight com-
position of the second component was determined from the
stoichiometric ratio, and the second component was added
to the quartz ampoule., Before f£illing, the latter was hea-
ted to a temperature of 650 - 700°C in s vaouum (1-2 ¢ 10°
mm mercury columm). The length of the ampoules was 7 -~ 9
om and the dismeter 8 - 14 mm. The ampoules for growing
single orystals had a diameter of 8 - 10 mm and they were
made with an oval bottom to improve crystal gtowth oondi-
tions,

The prepared ampoules with substances in s stoichi-

ometric ratio were kept in a high vaocouum for somes time andi

were periodically heated to 100 = 120°C. The ampoules were
unsoldered in & vacuur (1.6-3 ¢ 13° mm mercury column)
with an oxygen flame.

The amounts of powdery substances of both componen
should be selected in such a way that in a horizontal po-
sition of the ampoule the level of the molten substance
would be lower (or even with) than the dismeter of the
ampoule, Otherwise the ampoules would often burst,

In & synthesis of 8Sb_S, the componenta in the unsol
dered ampoule were heated at & temperesture of 850 - 900°C

for 10 to 12 hours. Following this, the oven was turned off]

and slowly cooled tcgether with the ampoule. With some spe-
oimens the process had to be repeated until traces of sul-
fur disappeared on thq walls,
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Fig. 3. Diagram represen- Fig. 4. Dlagram sho-
ting initial stage of melting wing surface shape of
" of sone (a) and fully melted melted zone on ingot

zone (b,. | SboS, (a) and SboSes(b).
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The synthesis of the compound 8b2803 proceeded at
a faster rate, 1.6.: 8 heating over a period of 6 to 8
hours at a temperature of the order of 900 to 950°C was
sufficient, Do

It was observed that during prolonged hecating of
the substances at temperatures abhove 900°C the perosity
of the ingot almost ccompletely dissrpears. In this case
the porosity 1s asrociated with the emanestion of gas which
1s dissolved in the substance /7/.

Durirg the motion of the zone the rarefied gas dif-
fuses from the crystallization front into the 1i1g:1d phase
The ges pressure will prosressively increase before the
boundery of crysta’l'zation and this will cause the forma=-
tion of bubbles in the solid phase. A preceding heesting of
the substance at a temperature considerably higher than
the melting temperature csuses an ejection of gas from the
substance. Following the synthesis the ampoule was placed
in the gonal equipment for multiple passage of the zones,

During melting the substances Sb,Ses and Sb,S3 have
opposite coefficients of expansion. Sbe e increases its
volume during melting, while Sbes decreases it, During
zonal melting the molten zone is displsced along the spe-
cimen, expanding from the center of the ingot tc the hea~
ters, If the ampoule contains Sb,3,, then during ths dis-
Placement of the zone from right to left, the first to ao~-
11d1fy 48 the sector MK (Fige. 3). The volume of this sec~
tor increasss, and this causes & rise of the part of the
ingot which had earlier asclidified and can cause an explo-
sion of the ampoule,

An explosion of an ampoule with SbZSQ takes ploce
at the beginning of the ingot, when the zone hed not as
yet completely melted. Here the earlier melted region CD
(Fig. 3) expands, which causes either a rise of the whole
ingot, if the level is below the diameter, or an explcsion
of the ampoule, if the level is higher than the diameter.

It was deterrined by us that ingots of beth com-
pounds change their thickness during multiple zcone passage |
(10 tc 20 zones). The thickneass of SbsS, chanzes in the
direction of the motion of the zone, an Sb,Sesx, on the

contrary, dimirishes its thickness., This fact indicates
that there 1s a transfer of substance in zonal crystsllicad
tion, The following general rule can be concluded from




bidbliographicel data and our own investigations: all sub-
stances which increase in volume during malting (metals,
most semiconductors, and perticularly szso ) will increa
in thiokness up to that end of the ingot rrém which the
melting began. The substance will shift in the opposite
direction of the motion of the zone. Substances (8b8,,
germanium and others) which decresse in volume during mel-
ting, will increase in thickness to the end of the last
gone. In these substances the gonal shift i1as in the direc-
tion of the motion of the zone. '

There is a continuous and rapid exchange of atoms
between the 8s0lid and 1i1iquid phase during the melting and
orystallization of the substance. Two processes of atom
exchange take place at the left and right end of the zone,
On the left, more atoms leave the 3»11id phase (motion from
right to left), and become part of the 1liquid. On the
right, atoms pass from the ligquid to the sclid phase. In
2 dynamic equilibrium the zone remains motionless. These
processes determine the nature and rate of crystallization
(melting) of the substance.

If the substance incresses ita volume during melti
(for exasmple, the case of SbBSQS) then, as can be seen fro
Pig. 4, b, the conditions of crystallization at boundary
ITI will be different in the volume and in the subsurface
layer. During the displacement of the zone from right to
left, conditions will appear in the volume {avoring ory-
stellization in the direction of the motior. In the sur-
face layer, th: presence of the molten substance above the
level of the so0lic phase coreates some possibility of cry-
stallization also in the region of angle e As a result
of this, the 1liquid recedes, and this causes a shift of
the substance in the opposite direction to the motion of
the zone. ‘

In the case of SH,.8, and other similar substances
which decrease in 7olurs during melting, the conditions at
the orystallization bou:dary I (Fig. 3, a) are quite dif-
ferent for orystal growth than in the former case. In the
subsurface layer orystallization does not freasaly occur,
The atoms extend into the aclid phase from below, and not
in the direction of the motion of the zone. This causes a
certain slowdown of crystallization in this layer. The 1i-
' quid 1s pushed to the end of the ingot little by little.
During a multiple zone passage there 1s a noticeable shift
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of the substance toward the end of the ingot.

Specisl attantion shculd bs paid to the phenomernon
of substance displacement in selecting the design of the
boat or ampoule and filling them with the substance. If
the ingot %1s passed through a great mumber of zones, then
the above phenomenon produces & con:iderable contraction

of the substance at one end of the smpoule and its explc-
sion,

The d4splacement of the substance can be 2lmost
completely eliminated by tilting fhe bhoat or ampcule with
with substance or even the entire apraratus in a certain |
direction., For substances of the Sb?Sea type it is neces~ |
sary to tilt the work in the directfon of the moticn of th
zone, and for substances of the Sb283 type =-- in the direcﬂ
tion opposite to the shift of the zone., This concluslon
flows from an snalysls of the causes of the displacement
of the substance and becowes clear from Fig. 4.

4., Methods of Purity Control

Nultiple zonal passage provided a puriflecaticn of
the materlal and growth of crystals. In order to check
whether the material was being purifiecd we used the probhe
methcd of plcking off the distrivution of the potential
along the specimen (Fig. S5). Curve 1 in Fig. 5 represents
the distributicn of the potential alcng ingot qubs after
passage of sesven zones without cutting off the end of the
gpecimen,. It is evident that admixtures are driven in the
direction of the zore 3hift, The potentisl is almost un-
changed at a dlstance of 1.6 cm frem the end of the ingot,
Thus, from the course of the poterntiel along the ingot,
we can mors or less accurately determine the boundary of
a sharp drop in the concentration of admixtures. This makes|
it possidble to determine which part of the ingot shcould be |
cut off following zonal purification. 3

It 1= a known fact that determination of the speci-
fic resistance for ingots with a different rnumber of zones
(Fig. 5) oconstitutes a method of semiquality control, If

the specimen is of uneven thickness end irregulasr shape,
the four-prouie method can be used to determine resls ance
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/8/. In the ocase, however:s when the ingot has identical
longitudinal dimensions, we use the two-probe method.
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Fig. 5. Distribution of potential
along ingots,
a -- distribution curve of pot=a=ntial along

ingot following passage of seven zones. Ingot 1s
without cuttinc off the 1last zone;

b -~ dlst-'bution curve of potential along
ingot SbeS, following passage of five zones. The
1a3t zone has been sut off (12 mm). :

In the case of rhotosernsitive substarces, such as
Sb2893 and SbQSS’ purifrcation can be checkesd alsc by the
change of photoelectric properties. The photosensitivity
of Sb,Se, and 8b,8, increases with an increase of the num
ber of zdénes (Figs. 7 and 8). This indicétes that with an
increase of purity of the substance there 13 a decrease of

the number of centers of recombinstion and the lifetime of
photoelectrons incresases,
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Pig. S

Relationship betweean Durification of the
materialand the resistance of Sb?Se3 .

In the investigation of photoelectric properties of
Sb?ss 41t was observed, depinding on ths purity c¢f the spe-
cimen, that the additional maximum of photosensitivity
diminishes with an increase of thes number of zones, and,
et a certain number of zones (18) it practically disap~
pears altogether (Fige. 7). This fact can gerve as an addi~
tional confirmation of the increesses of purity. 0f ccurse,
we get an additional maeximum of the admixture character.
It should be noted that in order to keep track of
the purity of the material and to determine the least num-~
ber of zones in which the effect of purificstion is st1l11
observed, it 1s necessary to make the trial purification
not in the ampoule, but in a tocat which is placed in the
ampoule. The ampoule with the boe® is pumped out to a
high vecuum and unscoldered. The ingot from the bost will

— 11—
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not have to be extracted in the experiment, and this will
eliminate further contemination of the meterial.
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Relationship between ;i"rity of material ani‘he
spectral dilsivibui’on of the photocurren: for
- single corystal S5, 5ae

1 ~- Curve of speciral distribution of photo-
current for specimen No 15 of eighteen zones;
2 =-- Curve of spectral distributicn of photo~
ocurrent for specir'n No 11 of eight zoras;

3 -= Curve of spe:iral distribution of photo-
current For specincn No 5 of six zones. Tem~

perature 20°0C,

After maltiple zone passage ingots were obtained
which consisted of several single-crystal blocks. Both the
single orystals 8b2803 and well as single orystals Sbo84




easily aplit along the planes of cleavage. The cleavages
are oriented along the direction of the motion of the zone

Both compounds orystallize in a rhomboid system /8/,

Jdpfunils of Gsergy drep
l N
/
K +
2 N\
J SN N
o |
‘\\\\\\ §
74 S
800 ) a0 ' 000 1190 1260 A mp
' ' Fig. 8.

Relationahip between purity of material and the
spectral distribution of the photocurrent

for single

erystal Sb"Se3

1 =- Curve of spectrel distributlon of pho-
tocurrent for specimen No 7 of twelve zones;
2 =« Curve of spectral distribution of pho-
toourrent for specimen No 40 of fourteen

gones. Temperature 20°C.

The plucking out of single crystal specimens from
individual ingots was made on 8 special stand msde of
f specimens can Ve

organic glass, Different dimensions
obtained (for example, 2 X 10 X 4 mm

was 4.4 to 5§ mm/hr,

« The X-Ray piotares
of some specimens showed that they were single orystal, ,
These single crystals were obtained at a zone width
of 6 = 8 = 10 ym, which conastituted 1/8 or 1/10 of the
length of the entire ingot. The rate of zone displacement

g
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Conolusions

1. FqQuipment was designed and tested for zonal
melting, growing of orystals and homogenization of oom=-

pounds (Sb,Ses, Sb, 8y, SbyTe, and others) and three-com-
ponent systema of elements o? the V and VI group of Men
deleyev's table,

2. An engineering method was designed and tested
of preparing compounds and mixtures of these elements in
quartes ampoules,

Se Conditions of synthesls of compounds were inve-
stigated.It was determined that in the case of Sb,8y syn-
thesls 1s succesafully achieved (almost without blicters)
by heating to 850 - 900°C over a period of 10 to 12 hours
with subsequent slow cooling. The synthesis of Sb Se, pro-
ceeds more actively and requires heating to 900 - 958
over a period of 6 to 8 houra.

4, Conditions of purification of meterial were in-
vestigated. Attention was drawn to mechanicul changes in
the purification of compounds. There 1s a displacement of
substance in SboSe; and SboS; in mutually opposite direcs
tions. It is therefore necessary to give a proper tilt to
the equipment. Sb oS80, increases 1ts volume dwring melting,
and SboSa deoreasﬁn if Possible causes of = Mcsion of
ampoules were poir.ccd - :t,

5. For qualitatice control of purification a method
was proposed of picking of” the distridbution of the poten-
t1al along the ingot (of uniform cross-section). This me-
thod makes 1t possible to determine fairly simply the po=-
sition of the boundary of an acute change of concentration
of admixtures and the dimensions of cut-off ends of ingots

6. In the case of photosensitive substances, such
as Sb2303 and 8Sb,83 , purification can also be checked by
the change of photoelectrio properties, and in the ocase
of Sb283 we also observe the disappearance of the sdditio=-
nal (admixture) maximum of photosensitivity,

TR

7. Ingots were obtained by the zonal melting method
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which consisted of large single crystal blocks. The rate oJ
the zone 1s 4,5 to 5 mm/br, and the width 8 to 10 mm. The
veouum during unsoldering is (1.5 0 3) + 10=5 mm, It was
comparatively eassy to pluck out specimens of single cry-
stals of the required dimensions. Monocrystallicity was
checked by X-Ray analysis.

The author expresses his deep gratitude to Profes~
sor V. I, Lyashenko for the assignment of the theme and
supervision of the work,
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